Relative integrated cross sections are measured for rotationally inelastic scattering of NO( 2 ⌸ 1/2 ), hexapole selected in the upper ⌳-doublet level of the ground rotational state ( jϭ0.5), in collisions with He at a nominal energy of 514 cm Ϫ1 . Application of a static electric field E in the scattering region, directed parallel or antiparallel to the relative velocity vector v, allows the state-selected NO molecule to be oriented with either the N end or the O end towards the incoming He atom. Laser-induced fluorescence detection of the final state of the NO molecule is used to determine the experimental steric asymmetry, SAϵ( v↑↓E Ϫ v↑↑E )/( v↑↓E ϩ v↑↑E ), which is equal to within a factor of ͑Ϫ1͒ to the molecular steric effect, S i→ f ϵ( He→NO Ϫ He→ON )/( He→NO ϩ He→ON ). The dependence of the integral inelastic cross section on the incoming ⌳-doublet component is also observed as a function of the final rotational ( jЈ), spin-orbit ͑⍀Ј͒, and ⌳-doublet ͑⑀Ј͒ state. The measured steric asymmetries are significantly larger than previously observed for NO-Ar scattering, supporting earlier proposals that the repulsive part of the interaction potential is responsible for the steric asymmetry. In contrast to the case of scattering with Ar, the steric asymmetry of NO-He collisions is not very sensitive to the value of ⍀Ј. However, the ⌳-doublet propensities are very different for ͓⍀ϭ0.5(F 1 )→⍀Јϭ1.5(F 2 )͔ and ͓⍀ϭ0.5(F 1 )→⍀Јϭ0.5(F 1 )͔ transitions. Spin-orbit manifold conserving collisions exhibit a propensity for parity conservation at low ⌬ j, but spin-orbit manifold changing collisions do not show this propensity. In conjunction with the experiments, state-to-state cross sections for scattering of oriented NO( 2 ⌸) molecules with He atoms are predicted from close-coupling calculations on restricted coupled-cluster methods including single, double, and noniterated triple excitations ͓J. Klos, G. Chalasinski, M. T. Berry, R. Bukowski, and S. M. Cybulski, J. Chem. Phys. 112, 2195 ͑2000͔͒ and correlated electron-pair approximation ͓M. Yang and M. H. Alexander, J. Chem. Phys. 103, 6973 ͑1995͔͒ potential energy surfaces. The calculated steric asymmetry S i→ f of the inelastic cross sections at E tr ϭ514 cm Ϫ1 is in reasonable agreement with that derived from the present experimental measurements for both spin-manifold conserving (F 1 →F 1 ) and spin-manifold changing (F 1 →F 2 ) collisions, except that the overall sign of the effect is opposite. Additionally, calculated field-free integral cross sections for collisions at E tr ϭ508 cm Ϫ1 are compared to the experimental data of Joswig et al. ͓J. Chem. Phys. 85, 1904 ͑1986͔͒. Finally, the calculated differential cross section for collision energy E tr ϭ491 cm Ϫ1 is compared to experimental data of Westley et al. ͓J. Chem. Phys. 114, 2669 ͑2001͔͒ for the spin-orbit conserving transition F 1 ( jϭ0.5)→F 1 f ( jЈϭ3.5).
I. INTRODUCTION
The inelastic scattering of open-shell molecules is a source of detailed information about energy exchange during evolution on coupled surfaces. Scattering of NO from rare gas atoms has served as a convenient prototype for investigations of open-shell molecular energy transfer. The spectroscopy of NO is well-developed and state-specific detection of scattered products is readily achievable. Additionally, it is possible to select a single rotational and ⌳-doublet state of NO from a molecular beam with a hexapole state selector, and subsequently to orient the axis of the state-selected NO molecule in the laboratory frame by application of a static electric field. [1] [2] [3] [4] Scattering from such a prepared state permits the measurement of the steric asymmetry in inelastic scattering, that is, the difference in scattering efficiency between collisions on the N and O ends of the molecule. 4 -6 The NO-Ar system has been the most thoroughly investigated of the NO rare gas collision systems. State-specific integral [7] [8] [9] [10] [11] [12] and differential [13] [14] [15] [16] [17] cross section measurements for inelastic scattering of ground state NO have been compared with high-level quantum calculations, 16 -18 and the vector correlations in the final products mapped in exquisite detail. [19] [20] [21] The steric asymmetry for spin-orbit conserving scattering of NO-Ar shows striking oscillations with ⌬ j; for ⌬ j even, collisions with the N end of the molecule are preferred, and for ⌬ j odd, collisions with the O end are more effective. 5, 6 Although it is reproduced in quantum scattering calculations 5, 22, 23 ͑to within the overall sign of the effect 24 ͒, there is at present no simple physical picture of the source of this alternation. Examination of the T-matrix description of the collision process shows that the difference between scattering from the N and O end of the molecule is dependent on interference terms between transitions from e and f initial ⌳-doublet levels. 5, 22 The alternation between even and odd ⌬ j is reminiscent of other interference effects in nearhomonuclear molecules. 9, 25 Calculation of the steric effect in rotationally inelastic collisions of NO and Ar on modified test potentials suggests that scattering from the repulsive core is most important in producing the alternation with ⌬ j. 23 The present work investigates steric effects in inelastic scattering of NO and He, a system where repulsive interactions dominate. Much is already known about NO-He scattering, although it has been less comprehensively studied than NO-Ar. Integral and differential cross sections for NO-He scattering have been measured by several groups. Using crossed molecular beams and laser-induced fluorescence ͑LIF͒ detection, Joswig, Andresen, and Schinke 10 determined state-resolved integral cross sections for NO scattering from rare gas partners. Meyer 26 scattered counterpropagating beams of NO and He and detected the inelastically scattered products with resonant multiphoton ionization and ion time-of-flight analysis. He derived state-resolved relative integral and differential cross sections and measured angular momentum alignment of the products. 27 Chandler and co-workers 28 measured differential cross sections for scattering of initially cold NO( 2 ⌸ 1/2 ) to individual final rotational and ⌳-doublet levels in both the 2 ⌸ 1/2 and 2 ⌸ 3/2 manifolds. Smith and co-workers 8 used a rotating-source crossed molecular beam apparatus to measure final rotational state populations for NO-He and NO-Ar inelastic scattering as a function of collision energy. State-to-state rate coefficients for rotational energy transfer in vibrationally excited NO rare gas collisions have been measured by Smith's group [29] [30] [31] at temperatures down to 7 K and for the ground vibrational state by Ball and De Lucia at 4.2 K. 32 Drabbels et al. 33 measured parity-resolved state-to-state cross sections for scattering of NO (vϭ20, jϭ0.5) and compared to closecoupled scattering calculations on the correlated electronpair approximation ͑CEPA͒ surface of Yang and Alexander. 34 More recently another ab initio He-NO surface has been calculated by Kłos et al. 35 using restricted coupled-cluster methods including single, double, and noniterated triple ex-citations ͓RCCSD͑T͔͒. Alexander 22 calculated steric effects for several inelastic scattering transitions of NO-He using the CEPA surface 34 and predicted large steric asymmetries and oscillations with ⌬ j similar to those seen in NO-Ar scattering.
This work reports the experimental measurements of the steric asymmetry for inelastic scattering of NO( 2 ⌸ 1/2 , j ϭ0.5) with He. Distinct alternations in the sign of the steric asymmetry appear in both spin-orbit changing and spin-orbit conserving transitions. The propensity for ⌳-doublet changing or conserving collisions is also measured. The experimental results are compared to quantum scattering calculations on the CEPA surface of Yang and Alexander 34 and the RCCSD͑T͒ surface of Kłos et al. 35 Calculations on both surfaces reproduce the experimental results with reasonable accuracy to within the overall sign, with somewhat poorer agreement for spin-orbit changing collisions than for spinorbit conserving collisions.
II. CALCULATIONS

A. Formalism of oriented molecule scattering
In scattering involving radicals in a 2 ⌸ state the relative translational motion of the collision partner can change the rotational and also internal electronic motion. The NO molecule in the ground 2 ⌸ state is split into two spin-orbit components with projection ⍀ of the total angular momentum on the internuclear axis of ⍀ϭ0.5 ͓labeled in Hund's case ͑a͒ as F 1 ] and ⍀ϭ1.5 ͑labeled as F 2 ). Then each rotational level is split into two closely separated ⌳-doublet levels of spectroscopic parity e ͑symmetry quantum number ⑀ϭϩ1͒ and f ͑⑀ϭϪ1͒. The total parity p is related to ⑀ by ⑀ϭp(Ϫ1) jϪS , where S is the total spin (Sϭ1/2). The presence of a structureless collision partner, in this case a He atom, removes the cylindrical degeneracy of the 2 ⌸ state of the NO molecule. The full description of the collision therefore involves two adiabatic potential energy surfaces, one of AЈ and one of AЉ symmetry with respect to the reflection in the plane of the three atoms.
These adiabatic surfaces are obtained from ab initio calculations. The expansion of the potential surfaces for van der Waals complexes between rare gas atoms and molecules in 2 ⌸ states is described by Alexander 23 and generally in the work of Zeimen et al. 36, 37 Briefly, the intermolecular potential energy operator V is expanded in the set of diabatic states ͉⌳͘ where the projection of the electronic orbital angular momentum ⌳ϭϮ1. These diabatic states are components of the ⌸ state and are defined in coordinates (R,,) that specify the position of the He atom relative to the NO center of mass and the molecule-fixed ẑ axis pointing from the O atom to the N atom along the molecular bond. The expansions can be written down as follows:
͑1͒
The matrix elements V ⌳ 1 ,⌳ 2 (R,) are the diabatic potential energy surfaces for the He-NO( 2 ⌸) system. These diabatic matrix elements can be expanded in a series of Racah normalized spherical harmonics C lm (,):
From the invariance properties of the electronic Hamiltonian under rotations of the entire system 36, 37 one can derive that all expansion coefficients v ⌳ 1 ,⌳ 2 l,m (R) vanish except those with mϭ⌳ 2 Ϫ⌳ 1 . The connection between the adiabatic potentials of AЈ and AЉ symmetry and the diabatic potentials is
where the adiabatic states are given in terms of the diabatic basis by ͉AЈ͘ϭ͉ϩ͘ϭ2 Ϫ1/2 (͉Ϫ1͘Ϫ͉1͘) and ͉AЉ͘ϭ͉Ϫ͘ ϭ2 Ϫ1/2 i(͉Ϫ1͘ϩ͉1͘). For the 2 ⌸ state of NO it gives nonvanishing diagonal expansion coefficients with mϭ0 and off-diagonal coefficients with mϭϮ2.
Using Eqs. ͑2͒ and ͑3͒ one can obtain the expansion formulas 36, 37 for diabatic potentials used in the scattering calculations: 23 In the work of Alexander and Stolte 23 the expansion of V 1,Ϫ1 (R,) differs only in the normalization constant of the spherical harmonics. The V 1,1 (R,) and the V 1,Ϫ1 (R,) surfaces from the RCCSD͑T͒ calculations of Kłos et al. 35 are shown in Fig. 1 . The NO( 2 ⌸) molecule can be described in the Hund's coupling case ͑a͒, with a relatively large spin-orbit splitting between 2 ⌸ 1/2 ͑ground͒ and 2 ⌸ 3/2 states. The NO spin-orbit splitting is ⌬ SO ϭ123.14 cm Ϫ1 , and the rotational constant of the molecule is Bϭ1.696 11 cm Ϫ1 . 38 The states of NO can be expanded in the following basis functions: ͉⌳,S,⍀, j,m j ͘ϭ͉⌳,S,⍀ͫ͘ 2 jϩ1
where the polar and azimuthal angles ( c , c ) describe the orientation of the NO axis with respect to the laboratory collision frame, for which the z axis is chosen parallel to the initial relative velocity vector vϵ(v He Ϫv NO )ϭdR/dt. The ͉⌳,S,⍀͘ basis function describes the electronic angular momentum and spin of the NO molecule. The j denotes the total angular momentum quantum number of NO. The ⍀ quantum number is the projection of total angular momentum of NO on its internuclear axis and m j is its projection on the laboratory ẑ axis. In this case, ⌳ϭϮ1 and Sϭ1/2. The elements of the Wigner D matrix describe the rotation of the NO molecule. From this basis one can construct the parity-adapted basis, ͉͉⌳͉,S,⍀, j,m j ,⑀͘ϭ2 Ϫ1/2 ͓͉⌳,S,⍀, j,m j ͘ ϩ p͑Ϫ1 ͒ jϪS ͉Ϫ⌳,S,Ϫ⍀, j,m j ͘], ͑6͒ consisting of eigenfunctions of the inversion operator with eigenvalues pϭϮ1. The spectroscopic parity ⑀ is related to the total parity by ⑀ϭp(Ϫ1) jϪS . The basis functions with ⑀ϭϩ1 are labeled with the label e and those with ⑀ϭϪ1 with the label f. The interaction with other electronic states gives a splitting between states of e and f symmetry, which is called the ⌳-doublet splitting, and is on the order of 0.012 cm Ϫ1 for the 2 ⌸ 1/2 ground state of the NO molecule. 35 The electric field E, applied in the experiment to orient NO molecules before collisions with the He beam, mixes field-free states of e and f parity,
͑7͒
with the normalization ␣ 2 ϩ␤ 2 ϭ1 and where the ͉⌳͉ϭ1 and Sϭ1/2 labels are omitted for brevity. The direction of E determines which end of the molecule points preferentially towards the He atom. The real mixing parameters ␣ and ␤ are obtained from the solution of a 2ϫ2 Stark mixing Hamiltonian. 39 Similarly, mixing of field-free scattering amplitudes is employed to evaluate the scattering amplitude from the initial mixed state in the presence of the electric field to the final states of NO molecule in the field-free basis: 
The calculated integral cross sections from these scattering amplitudes for collisions of oriented NO molecules are used to define the steric asymmetry for the transition from initial state i to final state f: 23, 24 
The theory applied in these calculations was also presented earlier 23 and incorporated in the HIBRIDON package 40 which is used in this work.
B. Outline of scattering calculations
Full close-coupling calculations are performed for collision energy E tr ϭ514 cm Ϫ1 , corresponding to the present experimental conditions. The mixing parameters ␣ and ␤ are ␣ϭ0.883 and ␤ϭ0.470. In the initial beam of NO only one state is significantly populated, jϭ0.5 and ⍀ϭ0.5 (F 1 ). The hexapole selects the upper state ⑀ϭϪ1 ( f ) ⌳ doublet of NO, so this is chosen as the initial state in the field-free calculation. The average orientation of the NO molecule, given by the mean value of the cosine of the angle E between the molecular axis and the direction of the applied electric field E, can be expressed as a function of the mixing parameters and the maximum degree of orientation (͗cos E ͘ max ϭ1/3 for a jϭ0.5 state͒: ͗cos E ͘ϭ2␣␤͗cos E ͘ max . The experimental mixing parameters correspond to an averaged orientation of 83% of the maximum value.
The calculations are performed with the HIBRIDON package 40 using a log-derivative propagator in the radial range (4.0-12.0)a 0 with a step size of 0.14a 0 and an Airy propagator in the long range for RϾ120 0 with a seven-times larger step. To ensure proper convergence of the calculated cross sections the summation over total angular momentum quantum number J tot is carried out up to J tot,max ϭ120.5. All channels of the NO molecule are included up to j max ϭ20.5. Calculations are performed on the recently published coupled-cluster ͓RCCSD͑T͔͒ potential energy surface 35 ͑PES͒ and on the older correlated electron-pair approximation ͑CEPA͒ PES of Yang and Alexander. 34
III. EXPERIMENT
The measurements are carried out using a crossed, pulsed, molecular-beam scattering apparatus, similar to that described in earlier studies. [5] [6] [7] NO molecules are expanded through a 0.8 mm diameter pulsed ͑10 Hz͒ nozzle from a 16% mixture of NO in Ar at a stagnation pressure of 3.5 bar. The skimmed beam passes through a 167 cm long hexapole assembly that focuses the molecules in the selected ͉ jm j ⍀ ⑀͘ϭ͉1/2Ϯ1/2 1/2Ϫ1͘ state into the scattering center, 293 cm from the pulsed nozzle source. 6 The NO beam is crossed at 90°by a beam of He, expanded from a stagnation pressure of 3 bar through a 0.9 mm pulsed nozzle at 5 Hz and collimated by a 1.9 mm skimmer placed 1.4 cm from the nozzle. The distance from the He pulsed nozzle to the scattering center is 8.4 cm. The speeds of both beams, v NO ϭ594 m s Ϫ1 and v He ϭ1764 m s Ϫ1 , yield a nominal centerof-mass collision energy of ϳ514 cm Ϫ1 . The state-selected NO molecules are oriented by a 10 kV cm Ϫ1 dc electric field, applied parallel or antiparallel to the relative velocity vector. 6 This applied field creates a superposition of parity states with a definite laboratory frame orientation; the negatively charged end of the NO molecule points preferentially towards the negative electrodes. The coefficients describing this superposition have been experimentally deduced from measurements of LIF intensities of field-induced transitions. 4 The scattered NO molecules are monitored as a function of final quantum state via LIF, using the frequency doubled ͑ϳ226 nm͒ output of a Nd:YAG ͑YAG-yttrium aluminum garnet͒ pumped dye laser operating at 10 Hz. The pulse energy of the laser is typically several hundreds of microjoules and the frequency bandwidth is 0.15 cm Ϫ1 ͑full width at half maximum͒. The propagation direction and the linear polarization of the laser lie in the plane of the molecular beams; the laser makes an angle of ϳ30°with the relative velocity vector. The fluorescence is collected perpendicular to the plane of the molecular and laser beams, filtered by a cell of liquid CH 2 Cl 2 , and imaged onto a solar-blind photomultiplier tube ͑PMT͒. The PMT voltage can be gated in time to discriminate against scattered laser light.
The output of the PMT is collected by a gated integrator and boxcar averager, and transferred to a personal computer ͑PC͒. The repetition rate of the secondary beam is half of that of the NO beam and of the laser so that the signal with and without the He beam is measured on alternate laser shots. The subtraction of the scattered signal and the baseline signal, yielding the LIF signal for molecules scattered from the prepared initial state to the probed final state ͉ jЈ⍀Ј⑀Ј͘, is carried out for successive pairs of laser shots in the PC. After 100 pairs of laser pulses in the absence of the orientation field ͑probing the scattered signal of the pure upper ⌳-doublet component͒, voltage is applied to the orientation electrodes. The scattered signal at one orientation is then collected for 100 pairs of pulses, followed by reversal of the orientation field, a pause of 2 s, and collection of signal for 100 pairs of pulses at the opposite direction. Finally the voltage of the orientation field is again set to 0 kV. This cycle is repeated 12-15 times. To eliminate possible bias if the determination of the scattered signal for one orientation was always preceded by the zero field measurements, the order of the measurements of the two orientations is switched on alternate cycles. For the selected state, with a positive Stark effect, the positively charged end of the molecule will point towards the positive electrode. With the electric field defined as pointing from positive to negative polarity, the relative LIF signals for the two orientations of the electric field, I(v↑↑E)ϵI ϩ and I(v↑↓E)ϵI Ϫ , are proportional to the relative inelastic cross sections for collisions of He with the positive and negative end of the NO dipole.
The apparatus function relating the relative LIF intensities to relative inelastic scattering cross sections has been evaluated based on the geometry and beam velocities of the present experimental configuration. 41 The measurement of the steric effect is insignificantly affected by the apparatus function, because most possible confounding factors relate to the dependence of the final velocity on the scattering angle and are insensitive to the direction of the electric field. The apparatus function slightly favors detection of forward scattered products, as shown in Fig. 2 , but the field-dependent ratio of LIF signals should still closely approximate the angle-averaged steric asymmetry. Effects of the polarized laser detection are expected to be minimal, despite the fact that the angular momentum vector of the scattered product may be aligned. 21, 26, 27 The detection probability using linear polarization, even for anisotropic final m j Ј distributions, should be invariant to a change in the direction of the dc field. It is possible that detection on different rotational transitions could preferentially probe different scattering angles because of product alignment, and provide a glimpse of possible scattering-angle dependent steric effects. However, measurements of steric effects on Q and P, R branches showed no significant systematic variation under the present ͑partially saturated͒ conditions. More sophisticated measurements will be required to obtain information on orientation-resolved differential cross sections.
The experimentally accessible steric effect is given by the difference between the LIF signals for opposite orientations of the static field, normalized by their sum:
The relationship of the experimental quantity SA with the molecular steric effect S i→ f requires knowledge of which end of the NO molecule is selected in the collision frame. This in turn enables comparison with the calculations of the steric effect, which should yield S i→ f directly. The identifi-cation in Eq. ͑10͒ uses the directly measured orientation of the applied static field and the sign of the dipole moment from ab initio calculations, N ␦Ϫ O ␦ϩ , 42 and assumes no longrange collision-induced reorientation. As will be seen below, this assignment results in a disagreement of a factor of Ϫ1 between theory and experiment. The statistical spread in the individual measurements of the steric effect ͑i.e., the 12-15 cycles of the orientation of the applied field͒ is used to derive the experimental precision of the determination of SA. The measurement of the zero-field signal, proportional to the scattering from the selected pure ⑀ϭϪ1 state, can be combined with the orientation measurements to derive the relative state-to-state inelastic cross sections from individual ⌳-doublet levels. The average of the signals at the two orientations is proportional to the average of the cross sections for scattering from the two initial ⌳-doublet states:
Combining this with the measured zero-field signal, I 0 ϰ ⑀ϭϪ1͉→͉ j Ј ⍀ Ј ⑀ Ј ͘ , and assuming that the apparatus function does not change with applied dc field ͑i.e., the proportionality constants are equal͒, the ratio of cross sections from the different initial ⌳-doublet states to the probed final state can be estimated as
The derived ratio of ⌳-doublet cross sections, L ⑀ Ј , is least reliable near L ⑀ Ј ϭ0. For values of (I Ϫ ϩI ϩ )/I 0 close to ␣ 2 , L ⑀ Ј is very sensitive to inaccuracies in the computed mixing coefficients and to possible inhomogeneities in the orientation field. A 10% error in the square of the mixing coefficient would correspond to an uncertainty in the ratio of cross sections of ϳ0.4 near L ⑀ Ј ϭ0.
IV. RESULTS AND DISCUSSION
A. Calculated integral and differential cross sections
Predicted integral cross sections for E tr ϭ508 cm Ϫ1 are presented in Fig. 3 together with the experimental data from Joswig et al. 10 The absolute value of the integral cross sections was estimated by Joswig et al. 10 from a comparison to the total attenuation of the primary beam. In Fig. 3 , the experimental results are scaled to the total calculated cross section, i.e., the sum of the experimental cross sections matches the sum of the calculated cross sections on the RCCSD͑T͒ surface. The agreement is quite satisfactory for both spinorbit conserving and spin-orbit changing collisions. The RCCSD͑T͒ and the CEPA surfaces give slightly different branching between the F 1 →F 1 and F 1 →F 2 scattering, with the RCCSD͑T͒ results in closer agreement with the experiment; however, the shapes of the final jЈ distributions are very similar for the two surfaces. The differential cross sections ͑DCS͒ for the spin-orbit conserving transition from j ϭ0.5 to final state jЈϭ3.5 at E tr ϭ491 cm Ϫ1 , calculated using the RCCSD͑T͒ ͑Ref. 35͒ and CEPA ͑Ref. 34͒ surfaces, are shown in Fig. 4 . The results are compared to the experimental results of Westley et al. 28 The results on the RCCSD͑T͒ surface show a maximum in the differential cross section closer to the experimental maximum than do the calculations on the CEPA PES. However, calculations on both surfaces predict the maximum at larger scattering angles. The experimental maximum of the DCS occurs at Ϸϭ45°, and the RCCSD͑T͒ maximum is near 50°. The differential cross section on the CEPA surface has its maximum at 60°. Westley et al. 28 reported this same discrepancy between calculated scattering on the Yang and Alexander 34 CEPA poten-tial and the experimental DCS. Based on a fit of their experimental rainbow maxima results to scattering from a hard ellipsoid model potential, they suggested that the repulsive core in the CEPA surface was insufficiently anisotropic. The anisotropy of the repulsive part of the RCCSD͑T͒ sum potential is greater than that on the CEPA PES, and the maximum in the DCS for scattering on the RCCSD͑T͒ surface is indeed closer to the experimental value.
B. Steric effects and ⌳-doublet propensities for F 1 \F 1 transitions
The experimental and calculated steric asymmetries (SA,S i→ f ) and ⌳-doublet propensities (L ⑀ Ј ) for transitions to the F 1 state are given in Table I . The experimental uncertainties in Table I represent Ϯ1 precision based on the statistical uncertainty in the steric effect determination, and do not include possible systematic errors, such as inhomogeneities in the orientation field or errors in the assumed mixing coefficients. Where several experiments have been performed for a final rotational state, the individual values and uncertainties are listed.
The highest final rotational state detected is jЈϭ12.5, with a rotational energy of E rot ϭ281 cm Ϫ1 , well below the nominal translational energy of 514 cm Ϫ1 . By comparison, experiments in which NO( jϭ0.5) scattered from Ar at similar collision energy detected rotational states up to 16.5. 6 This phenomenon was also noted in previous scattering experiments 8, 26, 28 and attributed to an angular momentum constraint on the rotational energy disposal. 8 This constraint may indicate that the anisotropy of the He-NO potential surfaces 34, 35 is too weak to achieve a facile ͑classically al-lowed͒ conversion of all translational energy to rotational energy. 43 The steric asymmetry for scattering into the e and f levels of the F 1 manifold is plotted in Fig. 5 . As in the case of NO-Ar scattering, the steric asymmetry exhibits a striking oscillation with the change in rotational quantum number ⌬ j. The ''phase'' of the oscillation is the same as in NO-Ar, 5 i.e., SA is negative for odd ⌬ j and positive for even ⌬ j. However, the amplitude of the oscillations is much larger for NO-He than for NO-Ar, which supports the suggestion of Alexander and Stolte 23 that the alternation in steric asymmetry originates from scattering off the repulsive shell. The interaction of NO with He is considerably less attractive ͓D e (NO-He)ϳ25 cm Ϫ1 ͔ ͑Ref. 35͒ than NO with Ar ͓D e (NO-Ar)ϳ116 cm Ϫ1 ͔. 18 Scattering into f states shows smaller absolute values of the steric asymmetry than scattering into e states for nearly all jЈ.
The calculated steric asymmetries for both the RCCSD͑T͒ and CEPA surfaces are also shown in Fig. 5 . The calculations agree well with the measurements, except for the absolute sign of the steric asymmetry. The comparison of the sign of the experimental steric effect with calculated steric effects remains somewhat open to question. 24 The sign of the experimental steric effect SA is fixed by directly measuring the applied voltages and spectroscopically establishing that the low-field seeking ⌳-doublet state is preserved in the scattering center. 24 The sign of the steric asymmetry S i→ f in the calculations depends on the definition of the coordi- nates of the collision frame. The two quantities can be related by using the calculated direction of the NO dipole moment, 42 which causes the sign of the experimentally derived steric effect to oppose that of the calculations. 24 A resolution of the sign disagreement remains elusive; for the present comparisons, the calculated steric asymmetries are referenced to the right axis, which is simply the left axis multiplied by Ϫ1, to emphasize the agreement of the calculated magnitude with the experimental determination. The calculations on both surfaces reproduce the alternation in SA with even and odd ⌬ j. The RCCSD͑T͒ surface gives a larger magnitude of the steric asymmetry at high ⌬ j than does the CEPA surface, in better agreement with experiment. This difference may be attributable to the greater anisotropy of the repulsive core in the RCCSD͑T͒ potential.
The dependence of the ratio L ⑀ Ј for the spin-orbit manifold conserving collisions is displayed in Fig. 6 for outgoing e and f levels. The computed ⌳-doublet propensities are in relatively good agreement with the experimental determinations. The calculations on the RCCSD͑T͒ surface match the experimental values slightly more closely than those on the CEPA surface for high ⌬ j. Because NO( 2 ⌸ 1/2 ) is well de-scribed by Hund's case ͑a͒ for low j, the inelastic cross section should be unchanged upon reversing the parity index of both initial and final states. 44 This invariance in turn implies the following relationship:
That is, in the Hund's case ͑a͒ limit the values of L ⑀ Ј for outgoing e and f levels should be reciprocal. Both experimental and theoretical data obey Eq. ͑14͒ reasonably well for spin-orbit conserving transitions. For ⌬ jр6 there appears to be a preference for overall parity ͓ pϭ⑀(Ϫ1) jϪ1/2 ͔ conservation, i.e., L ⑀ Ј Ͼ1 for odd ⌬ j transitions to f levels and for even ⌬ j transitions to e levels, L ⑀ Ј Ͻ1 otherwise. Parity conservation has also been observed by Drabbels et al. in collisions of NO (vϭ20, j ϭ0.5) with He. 33 The parity conserving transitions are facilitated by even l terms in the angular expansion of the potential energy surface ͓Eq. ͑4͔͒, 45 and so are a manifestation of the ''nearly homonuclear'' character of NO. For ⌬ jϾ6 the ⌳-doublet quantum number is preferentially preserved, with e→⑀ Ј ϭ⑀ Ͼ e→⑀ Ј ϭϪ⑀ , or L ⑀ Ј Ͼ1 for ⑀Јϭ1 (e) states and L ⑀ Ј Ͻ1 for ⑀ЈϭϪ1 ( f ) states. A propensity for overall parity conservation may also be manifested in the steric asymmetries. In the Hund's case ͑a͒ limit, suited to the jϭ0.5 initial state, the numerator in the expression for the steric asymmetry, ( He→NO Ϫ He→ON ), should not change with the outgoing ⌳-doublet level, 23 and ( He→NO Ϫ He→ON ) will depend only on ⌬ j, not on ⑀. Because the degree of mixing of the initial state in the electric orientation field is relatively low (␤ 2 ϭ0.221), Eq. ͑10͒ suggests that for pure case ͑a͒ molecules if L ⑀ Ј Ͼ1, then SA ⑀ Ј ϾSA Ϫ⑀ Ј and if L ⑀ Ј Ͻ1, then SA ⑀ Ј ϽSA Ϫ⑀ Ј . A propensity for overall parity conservation further implies that the overall ͑orientation averaged͒ cross section for scattering out of the field-induced state, ( He→NO ϩ He→ON )/2, will be larger for states with the same overall parity as the hexapole selected ( jϭ0.5, ⑀ϭϪ1͒ state. Thus, the magnitude of SA will be greater for final e states than for f states when ⌬ j is even and ͉SA͉ will be greater for f states when ⌬ j is odd, if parity conservation in the outgoing state prevails and the Hund's case ͑a͒ coupling is appropriate.
C. Steric effects and ⌳-doublet propensities for F 1 \F 2 transitions
The steric asymmetries and ⌳-doublet propensities for spin-orbit manifold changing transitions (F 1 →F 2 ) are given in Table II . The dependence of the steric asymmetry on the final rotational state is plotted in Fig. 7 . Overall, N-end collisions are calculated to be more likely to produce a change in the spin-orbit level. The dependence of the steric asym-metry upon the ⌳-doublet component in the outgoing state is smaller in (F 1 →F 2 ) than in (F 1 →F 1 ) scattering, suggesting a tendency for parity breaking transitions. Comparison of the upper and lower panels of Fig. 7 reveals that the overall preference for N-end collisions compared to O-end collisions is greater for F 2 e than for F 2 f outgoing states. As earlier calculated by Yang and Alexander 34 the F 2 e states, which correlate with departure along the AЉ PES, are favored in an F 1 →F 2 transition, and F 1 f is preferred over F 1 e when the spin-orbit state is conserved.
The steric asymmetry exhibits an oscillatory behavior with the same phase as observed for the spin-orbit conserving NO-He collisions. For 4р⌬ jр10 ͑except for scattering to the f level of jЈϭ10.5) the sign of the steric effect appears to depend simply on whether ⌬ j is odd or even. By comparison, the steric asymmetry for spin-orbit manifold changing NO-Ar collisions shows significantly attenuated alternations with ⌬ j. 22, 23, 41, 46 For NO-He the alternation is equally strong for (F 1 →F 2 ) and (F 1 →F 1 ) scattering, perhaps because of the dominance of repulsive interactions in the rotational energy transfer. The agreement between calculated and experimental steric asymmetries is slightly worse for the spin-orbit changing collisions than for the spin-orbit conserving collisions. Because the change in spin-orbit state is governed by the difference potential, the discrepancy in the steric asymmetry may arise from inaccuracies of the difference potential. For NO-Ar the difference potential has been thought to be less reliable than the sum potential. 16, 17 The dependence of the cross section on the incoming ⌳-doublet component, L ⑀ Ј , is given in Table II and plotted against the final rotational state in Fig. 8 . The apparent experimental ratios for scattering into the e states with ⌬ jϭ3 and ⌬ jϭ6 are negative, a nonphysical result for positive cross sections. As discussed above, for (I Ϫ ϩI ϩ )/I 0 close to ␣ 2 , the effect of systematic uncertainty in the mixing parameters, which is not included in the stated precision, can be significant. These negative ratios are therefore best interpreted as L ⑀ Ј Ӷ1. Note the widely different values for L ⑀ϭ1 ( jЈϭ1.5) predicted by calculations on the CEPA and RCCSD͑T͒ surfaces. Comparison with experiment for this transition must also account for final-state mixing of the ⌳-doublet levels by the orientation field. This effect, which is expected to be significant only for F 2 jϭ1.5, has not been included in the present analysis. In all other cases the results on the CEPA and RCCSD͑T͒ surfaces agree rather well. For ⌬ jр4, parity conservation plays at most a minor role. For ⌬ jу6 the scattering exhibits a propensity for total parity changing collisions. For the highest final states, ⌬ jу9, the ratios L ⑀ Ј for outgoing e levels are nearly equal to the reciprocals of the ratios for outgoing f levels. The calculations are in qualitative agreement with the experimental determinations.
Transitions that preserve the overall parity are governed by terms of even angular symmetry in the potential energy surface. 45 A preference for parity changing in the spin-orbit changing collisions is directly explicable from inspection of the potentials in Fig. 1 . Whereas F 1 →F 1 scattering is gov- erned by V 1,1 , the F 1 →F 2 transitions are induced by V 1,Ϫ1 . The V 1,Ϫ1 surface displays a more heteronuclear angular dependence ͓i.e., more prominent odd-l terms in Eq. ͑4͔͒ than does V (1,1) , which is more nearly homonuclear. The lack of parity conservation in the spin-orbit changing collisions for the NO-He system therefore suggests that these transitions are affected to a significant degree by odd-l terms in the difference potential.
V. CONCLUDING REMARKS
Steric asymmetries and ⌳-doublet propensities have been measured for spin-orbit conserving and spin-orbit changing collisions of NO with He. The steric asymmetries for scattering into both spin-orbit states exhibit a prominent alternation in sign with ⌬ j. This alternation is larger and more regular than that observed in previous studies of NO-Ar collisions, supporting earlier proposals 23 of a dominant role of scattering from the repulsive core in producing the alternation.
Comparison of scattering calculations with experiment shows that the RCCSD͑T͒ potential energy surface of He-NO is reliable and is slightly better than the CEPA PES, but both surfaces give reasonable agreement with experiment. The agreement is slightly poorer for the spin-orbit changing collisions than for spin-orbit conserving collisions, which might suggest that the difference potential in both PESs is somewhat less accurate than the sum potential.
